Rotational and Ðne-structure transitions between the lower rotational levels of the CH radical in its X2% state have been observed in absorption in the laboratory with a tunable far-infrared (TuFIR) spectrometer. The molecules were generated in an electric discharge through a mixture of methane and carbon monoxide in helium. The experimental line widths were limited by Doppler broadening and the measurements have a 1 p experimental uncertainty of 100 kHz. The frequencies have been used together with all previous measurements of CH in the v \ 0 level of the X2% electronic state to determine its molecular parameters and to predict an accurate set of rotational transition frequencies.
INTRODUCTION
It has long been known from the observation of lines in its optical spectrum that the CH radical is an important constituent both of stellar atmospheres (Herzberg 1950) and of the interstellar gas clouds (Dunham & Adams 1937) . Indeed, it was one of the Ðrst molecules to be identiÐed in the interstellar medium. Only a single line, was R 2
(1), observed in the A2*ÈX2% electronic transition, which was correctly interpreted as an indication of the very low temperature in these gas clouds (Swings & Rosenfeld 1937 ; McKellar 1940) . More recently, its presence in the interstellar medium has been dramatically conÐrmed by radio astronomy through the detection of lambda-type doubling transitions in the lowest rotational level of the (J \ 1 2 ) ground 2% state around 3.3 GHz (Rydbeck, & Irvine Ellde r, 1973 ; Turner & Zuckerman 1974) . The corresponding transitions in the next higher rotational level near (J \ 11 2 , F 1 ) 710 MHz have also been detected (Ziurys & Turner 1985) .
The extent of excitation of CH in di †erent astrophysical sources can be assessed by the observation of spectroscopic transitions that involve higher rotational levels. Such observations can be made through the lambda-doubling transitions in the microwave region or, as has been demonstrated for OH, through rotational transitions in the far-infrared (Storey, Watson, & Townes 1981 ; Watson et al. 1985) . For this reason, considerable e †ort has been expended in the laboratory to measure the rotational spectrum of the CH radical as accurately as possible. The early experiments involved the use of laser magnetic resonance, in which a molecular transition is tuned into coincidence with a Ðxed-frequency laser by application of a variable magnetic Ðeld (Evenson, Radford, & Moran 1971 ; Hougen et al. 1We wish to dedicate this paper to our good friend and colleague, Harry Radford, who died on 2000 May 5. His name will live on in association with many groundbreaking pieces of work on the spectroscopy of small molecules, not least with the Ðrst detection of the far-infrared spectrum of the CH radical in 1970 March.
2Work supported in part by NASA contract W15, 047. 3Present address : MIT Lincoln Laboratory, 244 Wood Street, Lexington MA 02420.
1978 ; Brown & Evenson 1983a) . Brown & Evenson (1983b) used these measurements to predict the zero-Ðeld rotational spectrum of CH with an estimated accuracy of 2.0 MHz. About this time, a new method of recording far-infrared (FIR) spectra was developed in which radiation from two frequency-measured lasers, stabilized with saturated CO 2 Ñuorescence, was mixed in a fast diode to generate the appropriate FIR di †erence frequency, the so-called TuFIR method (Evenson, Jennings, & Petersen 1984) . In this arrangement, the radiation frequency is tunable over a small range of a few hundred MHz, thereby enabling much more accurate measurements to be made (with an achievable 1 p uncertainty of 10 kHz). However, the experiment is much less sensitive than laser magnetic resonance because the radiation power levels are very low (a few hundred nanowatts at best).
After OH had been measured by the TuFIR technique (Brown et al. 1986 ), CH was the next objective for study. We made several measurements on this molecule in 1986 (Davidson 1987) but did not publish them since we could not observe transitions between the two lowest rotational levels around 535 GHz with a great enough signal-to-noise ratio (S/N) to measure them. These transitions are in some ways the most signiÐcant of all because they emanate, in absorption, from the lowest rotational level. Despite intermittent attempts to record these transitions, we still have not achieved our objective. Very recently, Amano (2000) has succeeded in observing these transitions with a good S/N in the laboratory using a submillimeter-wave spectrometer with a backward-wave oscillator as radiation source. Accordingly, there is no reason to delay the publication of our results, which cover a wider range of J values, any longer. We have now incorporated AmanoÏs measurements in a Ðt of all available spectroscopic data on CH in its ground state. With this, we have generated an improved set of molecular parameters that can be used to calculate the most accurate rotational spectrum of CH to date.
EXPERIMENTAL DETAILS
The CH transition frequencies were measured with a TuFIR spectrometer in the Boulder laboratories of the FIG. 1.ÈLow-lying spin-rotational energy levels of the CH radical, connected by electric dipole transitions (], %, [) in the FIR region. The rotational levels conform closely to HundÏs case b coupling and so are better labeled by the quantum number N rather than J. The parity (lambda-type) doubling has been exaggerated by a factor of 20 for the sake of clarity. The transition frequencies are given in THz. The transitions that have been observed by TuFIR in this work are marked with asterisks. The two transitions observed by Amano (2000) are marked by daggers.
National Institute of Standards and Technology (NIST) in 1986. The system used at that time has been described in some detail elsewhere (Evenson et al. 1984 ; Nolt et al. 1987) and we give only the essential aspects here. The spectrometer could be operated in either of two modes, second order or third order. In the second-order mixing experiment, radiation from two lasers (one of Ðxed frequency CO 2 and the other swept by frequency-o †set locking to a third laser) was mixed in a nonlinear diode to produce FIR radiation at their di †erence frequency. In the third-order mode, radiation from two Ðxed-frequency lasers and from a CO 2 tunable microwave source was mixed in the diode. The mixer was a metal-insulator-metal (MIM) diode. The diode junction was formed by bringing a tungsten whisker into contact with a metal base ; the base was made from nickel for second-order generation and from cobalt for third-order generation. The FIR radiation was emitted from the tungsten wire acting as a long wire antenna. More power was generated in the second-order process (typically 100 nW) but the frequency could only be tuned over the pressurebroadened gain curve of the waveguide laser (about CO 2 120 MHz). The power output in the third-order mode was only a few nanowatts, but the radiation frequency could be tuned over several GHz.
In both modes of operation, the FIR radiation from the diode was collimated with a parabolic reÑector, passed 2`^2 1 2~, F 2^F2 transition of CH in the v \ 0 level of the X2% state (the superscripts indicate the parities of the levels involved). The FIR radiation is frequency modulated ; the signal is detected at the modulation frequency so that it appears as the Ðrst derivative of an absorption line shape. The signal shown represents the sum of eight back-and-forth scans, each recorded with a 100 ms output time constant. The observed line consists of two proton hyperÐne components (with a separation of 4.0 MHz) that are not resolved at Doppler-limited resolution.
through the sample in a 1.5 m long absorption cell, and detected at the other end by a Ge : Ga photoconductor cooled with liquid helium. This detector had an enhanced sensitivity for radiation between 2.5 and 6.0 THz. The FIR radiation was frequency modulated at 1 kHz and the signal detected at this frequency with a lock-in ampliÐer. Provision was made to scan back and forth through an absorption line and so enhance the S/N by signal averaging. The experimental uncertainty in the frequency measurement, typically 100 kHz, was limited by the precision with which an experimental line center could be identiÐed. The spectrometer accuracy is 10 kHz (Varberg & Evenson 1992) .
The CH radical was made in the positive column of a dc electric discharge operating at room temperature. The 1.5 m absorption cell was Ðlled with argon at a pressure between 65 and 133 Pa (between 0.5 and 1.0 torr) together with 0.13 Pa each of carbon monoxide and methane. The discharge current was typically 100 mA. Under these conditions, the experimental line width was set by Doppler broadening. An attempt was made to measure the weak 535 GHz lines of CH by cooling the cell with liquid nitrogen in the hope that this would increase the population of the lower rotational levels. Although the cooling resulted in some changes in the chemistry, it did not increase the strength of transitions between other low-lying levels signiÐcantly. The Doppler line widths of these lines indicated a translational temperature of at least 250 K within the discharge. Our method of CH production di †ers slightly from that of Amano (2000) , who used a discharge through a trace of methane in helium to generate the molecule. Amano also reports that the discharge mixtures used by Bogey, Demuynck, & Destombes (1983) did not produce observable amounts of CH in his experiments. It could be that his method produces CH preferentially in lower J levels.
RESULTS AND ANALYSIS
Nine rotational transitions of 12CH in the v \ 0 level of its ground X2% state were observed in the TuFIR experiment. The observed transitions are marked with asterisks in the spin-rotational energy level of CH shown in Figure 1 . The frequencies of six of the transitions were measured using the second-order mixing arrangement and those of the remaining three transitions in the third-order arrangement. The results of these measurements are shown in Table  1 . A typical experimental recording is shown in Figure 2 ; the transition in this case is It can be J \ 31 2`È 21 2~, F 2 ÈF 2 . seen that the line width is too broad to allow the proton hyperÐne structure to be resolved. Altogether, the hyperÐne doublet structure could not be resolved in seven of the lines in Table 1 . However, the relative intensities and separations of the hyperÐne components can be predicted reliably from earlier measurements made by microwave-optical double resonance (Brazier & Brown 1983 . Before Ðtting the transition frequencies of CH to obtain molecular parameters, each of the unresolved rotational transitions was deconvolved into its associated hyperÐne doublet on the assumption that the measured line center occurred at the intensity-weighted mean of the two components. The individual hyperÐne transition frequencies obtained in this way are given in Table 2.  Table 2 lists all the available experimental measurements of the lambda-doubling, rotational, and spin-rotational transition frequencies of 12CH in the v \ 0 level of its X2% state. These are drawn from astrophysical observations (Rydbeck et al. 1974 ; Ziurys & Turner 1985) , microwaveoptical double resonance (Brazier & Brown 1983 , microwave spectroscopy (Bogey, Demuynck, & Destombes 1983) , submillimeter-wave spectroscopy (Amano 2000) , and the present work. This data set has been used to determine the parameters of an e †ective Hamiltonian for a diatomic molecule in an isolated electronic state. The details of this Hamiltonian are given elsewhere (e.g., Brown & Evenson 1983a) . Each datum was weighted as the inverse of the square of its experimental uncertainty in the Ðt. The parameter cannot be determined separately from the spin-A D rotation parameter c (Brown & Watson 1977) and so was constrained to zero in the Ðt. The results are given in Table  2 (residuals) and Table 3 (parameter values). The standard deviation of the Ðt relative to the estimated experimental error was 1.90 ; we believe that this Ðgure reÑects slightly overoptimistic estimates of experimental uncertainties in some cases (see Table 2 ). For this reason, we have chosen not to include the small hyperÐne parameter in our C I @ model, even though it was determined by Brazier & Brown (1984) . Its inclusion improves the quality of our Ðt slightly, but we do not think that its value is meaningful.
DISCUSSION
The parameters derived in the present work are compared with those obtained previously by Brazier & Brown (1984) in Table 3 . Because the data set now contains more accurate measurements of spin and rotational intervals, the major parameters representing spin-orbit coupling (A 0 ), rotational kinetic energy and spin-rotation coupling (B 0 ), are signiÐcantly better determined. Furthermore, we are (c 0 ) now able to determine the sextic centrifugal distortion parameter whereas in the previous Ðt, it was con-(H 0 ), strained to a value estimated from theory. Brown & Evenson (1983b) published a calculated rotational spectrum of CH based on observations made by FIR laser magnetic resonance, a more sensitive but less accurate method of recording spectroscopic transitions in this wavelength region. There is a need to update this table, not just because of the availability of better data but because the analysis of the laser magnetic resonance spectrum by Brown and Evenson contained a misassignment that degrades its reliability (Brazier & Brown 1984) . The computed values of the transition frequencies of individual hyperÐne transitions involving all rotational levels up to N \ 5 are given in Table 4 . We have also included the standard error (1 p) for each frequency, estimated from the variance-covariance matrix of the parameters determined in the Ðt. The uncertainties range from 36 kHz (for the 536.8 GHz transition) to 292 kHz (for the 4219.8 GHz transition). The important spin-rotational transitions of CH have also been summarized in the energy level diagram of Figure 1 . The computed transition line strengths , which are also listed in S F@F Table 4 , can be used to assess the relative intensities of individual transitions. The line strength is deÐned by
where the quantity on the right-hand side is the reduced matrix element of the rotation matrix (Brink & Satchler 1993) and c stands for subsidiary quantum numbers. The intensity of a line in absorption can be obtained by multiplying the line strength by the square of the dipole moment k (1.46 D for CH, Phelps & Dalby 1966) , by the transition frequency, and by the population di †erence between the lower and upper states. The Einstein A-coefficients for spontaneous emission from state i to j can also be calculated from the line strengths by use of Table 4 is not quite complete because the transitions with have been omitted. Although these tran-*J \ 1, F 2^F1 sitions are formally allowed, they are very weak because they also require *N \ 2 and so would be forbidden in the HundÏs case b limit (to which CH conforms closely in its ground 2% state).
Although the present paper combined with that of Amano (2000) represents a signiÐcant step forward in our knowledge of the energy levels of CH, there is still room for improvement. Many of the microwave lambda-doubling intervals could be measured more accurately (see Table 2 ), and it is desirable to measure more of the FIR spinrotational transition frequencies. The recent availability of a Quantum numbers for the upper and lower states are denoted by single and double primes, respectively. Superscripts on the F quantum number values indicate parities of the states involved in accordance with the deÐnition in Brown et al. 1978 .
b For deÐnition, see eq.
(1). c Estimated standard error in the calculated frequency, in units of the last quoted decimal place (1 p). d Transition observed in the laboratory.
high-power backward-wave oscillators (Winnewisser 1995 ; Lewen et al. 1997) suggests that all the lower frequency rotational transitions can now be measured with good sensitivity and accuracy.
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